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ABSTRACT
Jiang, M-S, Fletcher, J.E. and Smith, L.A. Effects of divalent cations on
snake venom cardiotoxin-induced hemolysis and 3H-deoxyglucose-6-phosphate

release from human red blood cells. Toxicon - 19__. /At a low

concentration of Naja naja kaouthia cardiotoxin (3 uM) Ca?j, Sr2+) and Ba?* (2

¥y ..‘_.-— i . . )
mM), had little to no effect con 3ﬁ—deoxyglucose-ﬁ—phosphate (3H-dGlu-6-p) or
. 4

hemoglobin release. At higher concentrations of/ﬁ. n. kaouthia cardiotoxin
ST

-

{(>10 uM), Ca2+ (2 mM), but not SrZ; or Ba?v, significantly enhanced iﬂ-dGlu-G-

i

p and hemogliobin release. Mn?+ (2 mM) almost completely inhibited ?H-dGlu-G-p
. -1
/ : ot
release and hemolysis at both the 3 pM and 10 pM concentrations of

P

/ [
cardiotoxin. At a fixed concentration of N. n. kaouthia cardiotoxin (3 pM},

iy >

Lt

Ca?* at low concentrations (0.5 mM) enhanced 3H-dGlu-6-p and hemoglobin

release, but at higher concentrations caused a dose-dependent inhibition of

I

4

cardiotoxin action. The cardiotoxin from N. n. kaouthia venom (3 pM) induced
) / 7 y"

EH-dGlu—G—p release and hemolvsis release with similar time courses and to
similar extents. ?v—dGlu-ﬁ-p release induced by cardiotoxin was greatly
enhanced as the pH of the medium was increased from 7.0 to 8.5, Similarities
between ?p—dGlu-G—p and hemoglobin release do not support opening of pores in
the plasmalemma of all red blood cells as the mode of action of cardiotoxins,
but suggest that complete lysis of a subpopulation of cells occurs.
Cardiotoxins have two components of lysis, only one of which is Caii-

dependent. The Ca?’ﬁdependent lveis is only evident at higher cardiotoxin

concentrations. Mn2* is an effective antagonist of cardiotoxin action. . R




INTRODUCTION

Snake venom cardiotoxins (CTks) are generally regarded as low molecular
weight basic polypeptides that arrest the heart in systole (Sarkar, 1951; Lee

., 1565}, depolarize and induce contractures in skeletal muscle (Chang,

Iy

et a
1979) and hemolyze red blood cells (Condrea, 1974; 1979). The specific
mechanism of action of the CTXs is not clear. Divalent cations have varied’
effects on CTX-induced hemolvsis. In general, Ca?* and Sr2*' at concentrations
> 2 mM in the bathing medium have an inhibitory effect on hemolysis by low
concentrations (< 3 pM) of snake venom CTXs and lower concentrations of Ca?!
can have slight stimulatory effects (Jiang et al., 1989). At higher
concentrations of CTX (> 10 uM), hemolysis appears to be enhanced by
physiologically relevant levels of Ca?* (2 mM) in the bathing medium, but not
by Sr2* or Ba?* (Jiang et al., 1989). These effects of aivalent cations have
not been examined as regards JdH-deoxvglucose-6-phosphate {3H-dGlu-6-p)
release. Mn?* can reverse the cardiotoxic action of a phospholipase A2 (PLA2)

with CTA-like properties from Naja nigricollis snake venom (Fletcher et al.,

1982). The effects of Mn?* on the hemolytic action of typical cobra CTXs have
not been gxamined.

Hemolysis may be the expression of red blood cell membrane destruction by
snake venom factors, including CTAs (Condrea, 1979). Considering that
hemolysis of fresh human red blood cells by CTXs is usually lower than 30%,
either complete lysis takes place only in a subpopulation of cells in an all-
or-none manner, or Lhe entire population of cells undcrgoes only partial lysis
through membrane pores. Therefore, we compared hemoglobin release to release
of a much smaller marker (3H-dGlu-6-p) of toxin aclion to determine if

considerably greater leakage of 3H-dGlu-6-p would occur, thus supporting a




"pore” theory. Radiolabeled 2-deoxy-D-glucose (dGlu) is taken up into cells
by the same transport system as D-glucose and is phosphorylated to 2-deoxy-D-
glucose-6-p (d-Glu-6-p) by hexokinase (Smith and Gorski, 1968). Since d-Glu-6-
p is a metabolically inert compound (Smith and Gorski, 1968; KRipnis and Cori,
1959), and cell membrane permeability is low for d-Glu-6-p, this molecule
accumulates inside the cell (wWalum and Peterson, 1982). The high level of
accumulated intracellular radioactivity and the comparatively small size of
3H-dGlu-6-p make it a sensitive probe for cell membrane permeability studies
(wWwalum and Peterson, 1982).

In the present study we examined 3H;dGlu-G-p release and hemolysis under
a variety of conditions to test the "pore" hypothesis. Divalent cations were
used in these studies, as they have varied effects on CTX-induced hemolysis,
but have not been examined in relation to 3H-dGlu-6-p r;lease. Mn2*, in

particular, was examined as an antagonist of CTA action.




MATERIALS AND METHODS
Materials. CTX from N. n. haouthia venom (lot no. 125F-4007) was
purchased from Sigma Chemical Company {St. Louis, MO) and used without further
purification. CTX from Najs naja atra venom was purified from venom by fast
high performance liquid chromatography with ionic exchange chromatography, as
described in the Results section. These two cobra CTXs were highly purified
and relatively free from PLA2 contamination, as previously reported (Jiang et

al., 1989). The PLAz with CIX-like properties from Bungarus fasciatus venom

was purified as previously described (Ji et al., 1983). Human red blood cells
were obtained from the American Red Cross Blood Service as packed cells
derived from CPD whole blood (AS-1) and were stored at 4°C. The red blood
cells were used within two weeks of their expiration date. Radiolabeled 2-
deoxy-D-(1-3H)-glucose (15-25 Ci/mMole) was purchased f;om Amersham (U.h.).
Methods. 3H—d-Glu—6-p release from erythrocytes was determined as
previously described (Jiang el al., 1987). Packed red blood cells were washed
three times with N-[2-hvdroavethyvl)piperazine-N'-|[2-ethanesulfonic acid]
(HEPES)-buffered preloading solution (HEPES 20 mM, NaCl 130 mM pH 7.4) The
packed ervthrocytes pellets (2 ml) were added to 2 ml of preloading solution
and then were incubated with 3H-dGlu (5 pCi) for 3 hr at 37°C., The loaded
cells were then washed three times with cold (4°C) preloading solution.
Aliquots (4 pl) of preloaded cells were added to 200 pl of incubation solution
(preloading solution containing 5 mM glucose and indicated divalent cation)
and incubated al 37°C for the indicated time. The tubes were centrifuged and
200 pl supernatant was added to 3 ol of the complete counting cocktail (RPI;
Prospect, 1L). Radioactivity was determined with a Beckman scintillation

counter (Model LS 5801). The 100% 3H-dGlu-6-p release was determined by




incubating 4 pl of erythrocytes in 200 pl of Hz0. Hemolysis of human

1., 1989)

erythrocytes was performed as previously described (Jiang et
Before incubation with CTX, erythrocytes were washed three times (HEPES 20mM
NaCl 130 oM pH 7.4). Following the final centrifugation, a 4 pl aliquot of
packed red blood cells was added to 200 pl incubation medium (like the 3H-
dGlu-6-p release experiment) then incubated at 37°C for the indicated time,
centrifuged and the hemoglobin release estimated by reading the absorbance of
the supernatant at 540 nm. The 100X value for hemoglobin release was

determined by adding 4 pl of erythrocytes to 200 pl distilled water.




RESULTS

Venom from N. n. atra was resuspended in 5 mM sodium acetate, pH 5.8,
filtered and 200 mg aliquots were fractionated on a Mono S prepacked HR 10/10
column from Pharmacia, Inc. (Piscataway, NJ). The column was developed with an
increasing sodium acetate gradient from 0.005 M (pH 5.8) to 0.5 M (pH 6.5)
(Fig. 1A). Fractions 75-78, representing CTX 11, were pooled, dialyzed
against 50 mM 2-[N-morpholino)ethanesulfonic acid (MES), pH 6.5, and recycled
on a second Mono S column. The column was developed with an increasing NaCl
gracdient from 0 to 1 M NaCl in 50 oM MES (pH 6.5) (Fig. 1B). Fractions 12-14

from this second column were pooled, dialyzed against 50 mM MES pH 6.5, and

tra CTX fraction appeared as a single band of about

lyophilized. The N. n.
7,000 MW on sodium dodecyl sulfate polyacrylamide gel e}ectrophoresis slab
gels.,

The two CTXs and the PLAz with CTX-like properties differ in hemolytic
potency [N. n. kaouthia CTX > N. n. atra CTX >> B, fasciatus PLA2 (Jiang et
al., 1989)]. We examined whether the three toxins exhibit a similar order of
potency in eliciting the release of a considerably smaller molecule (3H-dGlu-
6-p). Indeed, the order of potency for 3H-dGlu-6-p release from human red
blood cells was N. n. kaouthia (Fig. 2A) > N. n. atra (Fig. 2B) >> B.
fasciatus toxin (Fig. 2C). The same order of potency was observed in Ca?‘'-

containing or Ca?'-free media (Fig. 2). Extracellular Ca?* (2 mM) enhanced the

hemolytic (Jiang et al., 1989) and 3H-dGlu-6-p releasing (Fig. 2) activities

of N. n. kaouthia and N. n. atra CTis, but only at concentrations of CTX > 10

pM. These effects of Ca?* were less evident for the weakly hemolytic B.

fasciatus PLA2 with CTX-like properties. We compared the effects of five

different divalent cation conditions (none, Ca?*, Sr2*, Ba?*', Mn2‘') on




hemolysis and 3H-dGlu-6-p release at two concentrations of N. n. kaouthia CTX
(Fig. 3). At a lower concentration (3 pM) of N. n. kaouthia CTX both 3H-dGlu-
6-p release and hemolysis in Ca?+, Sr?+ or Ba?+ medium were similar, or only
slightly lower, than in divalent cation free medium. However, at a higher
concentration (10 pyM) of N. n. kaouthia CTX both 3H-dGlu-6-p release and
hemolysis were greatly enhanced in a Ca?+ containing medium, but not in Sr2+
or Ba?+ containing media (Fig. 3). Both 3H-dGlu-6-p release and hemolysis were
almost completely inhibited in Mn?+ (2 mM) containing medium at either 3 or 10
pM N. n. kaouthia CTX (Fig. 3). To avoid the general stimulatory effect of
Ca?* at higher concentrations of CTX (Fig. 2), the effects of varying the
concentration of Ca?+ on 3H-dGlu-6-p release and hemolysis were examined at a
fixed N. n. kaoulhia CTA concentration of 3 pM. Low concentrations of Ca?+ {<l
mM ) enhanced 3H-dGlu-6-p release and, Lo & greater extént, hemolysis relative
to that in cation free media (Fig. 4). Beyond a Ca?+ concentration of 2 mM,
both 3H-dGlu-6-p release and hemolysis were inhibited by Ca?* in a dose-
dependent manner (Fig. 4). As with hemolysis (Jiang el al., 1989), 3H-dGlu-6-p
release induced by N. n. haouthia CTX (3 pM) exhibits a sharp increase in the
range of pll 7.0 to 8.5 (Fig. 5). We compared the time course of leakage of
this large molecule to Lhat of a considerably smaller molecule (3H-dGlu-6-p)
to determine if 3H-dGlu-6-p release is a more sensilive indicator of CTA
action. While 3H-dGlu-6-p release appeared to be detectable atl a slightly
earlier time than hemolysis, there were no dramatic differences in Lhe Lime

courses of release of these two markers of CTX action (Fig. 6).




‘ ‘ AT e e T A SR
IS R T P4 L S
TR A

DISCUSSION

Divalent cations have varied effects on snake venom CTX action that are
dependent on the concentration of toxin and the type and concentration of
divalent cation. At low concentrations of toxin (< 3 pM), divalent cations
have only a slight stimulatory effect at concentrations < 2 mM and dramatic
dose-response related inhibitory effects > 2 oM. However, at higher (> 10 pM)
concentrations of toxin, a very different effect of divalent cations was
observed. At these higher concentrations of toxin, only Ca?* (2 mM) stimulated
hemolysis or 3H-dGlu-6-p release, not Sr?* or Ba?*. This effect of Ca?* may
depend to some extent on the specific CTX, as 3H-dGlu-6-p (Fig. 2) and

hemoglobin (Jiang et al., 1989) release are both stimulated by CaZ* to a

greater extent when induced by the N. n. kaouthia CTX than by the N. n. atra
CTX. Mn?* was a potent inhibitor of CTX action at low and high concentrations
of toxin. This observation is in agreement with a previous study in a rat
atrial preparation in which the depolarizing and action potential blocking
effects of a PLAz with CTX-like activity were antagonized and reversed by Mn?*
(Fletcher et al., 1982). Thus, understanding the mechanism of Mn?* action
might be important in elucidating the action of the cobra venom CTXs.

CTX and PLAz act synergistically to induced hemolysis of red blood cells
(Condrea, 1974; 1979). It is difficult to purify CTX fractions that are free
of PLA2 contamination (Louw and Visser, 1978). Snake venom PLA2 is a Ca?*-
dependent enzyme (Iwanaga and Suzuki, 1979). Therefore, it is possible that
the enhanced hemolytic activity of high concentrations of the CTXs in Ca?*
medium is due to activation by Ca?* of trace amounts of PLAz contaminating the
toxin fraction. It is also possible that the antagonistic effect of Mn?*' on

hemolytic activity is due to inhibition of this trace PLA2 activity. We have

N
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previously reported that our N. n. kaocuthia and N. n. atra CTX fractions are

relatively free of PLA2 contamination (<0.0001X) as determined by titration
methods (Dole, 1956} using mixed micelle substrates of Triton X-100 and egg
yolk phosphatidylcholine (Jiang et al., 1989). Using more sensitive
approaches, such as gas chromatographic analysis of free fatty acids produced
by the CTX fractions in biological membranes (erythrocytes), or PLA2 activity
of the CTX fractions on radiolabeled substrates (phosphatidylcholine; 14C-B-
arachidonyl), we have observed very low levels of PLA2 activity in these
fractions (unpublished observations). The trace PLA2 activity on radiolabeled
substrates 18 reduced by about 95% following treatment of the CTX fraction
with p-bromophenacyl bromide (unpublished observations), suggesting that it is
due to contamination with venom PLA2 and is not intringic to the CTX, which
lacks the histidine residue {Naja naja siamensis; Dimari et al., 1975). Since
the same p-bromophenacyl bromide treatment has no effect on the hemolytic
activity of the N. n. kaouthia CTx (100 pM) in a Ca?* containing medium (Jiang

et al., 1989), it is unlikely that this low level of contamination of the CTX
fractions with PLA2 has any relationship to hemolytic activity or 3H-dGlu-6-p

release in the present study.

The relatively low levels of either *H-dGlu-6-p or hemoglobin release

suggest that either: 1) only a subpopulation of cells is affected by the toxin
and this is an all-or-none phenomenon, or; 2) all of the cells exposed to the
toxin undergo only partial lysis. The similarities between 3H-dGlu-6-p and
hemoglobin release, however, sugdest that the second possibility is unlikely.
If all the cells underwent partial lysis (slight opening of the leakage
"pores'), then IH-dGlu-6-p release would exceed hemoglobin release, as the

smaller marker would be released at much greater amount than the larger




parker. What population of cells would most likely be Busceptible to lysis?

Other investigators have reported that young red blood cells are resistant to
hemolysis relative to aged cells when both populations are isolated froe fresh
human red blood cells (Chen et al., 1984). In vitro aging of red blood cells
also leads to considerably greater levels of hemolysis by CTXs (Jiang et al.,
1989). Therefore, the older blood cell population is most likely the

subpopulation susceptible to lysis by CTXs.
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FIGURE LEGENDS

Purification of CTX Il from N. n. atra venom. (A) Chromatography of N.

n. atra venom. Aliquots (200 mg) of venom were fractionated on an FPLC
Mono S prepacked HR 10/10 column. The column was developed with an
increasing sodium acetate gradient from 0.005 M (pH 5.8) to 0.5 M (pH
6.5). Fractions 70 to 95 contained CTXs I, 11, 111 and IV. (B)
Chromatography of N. n. atra CTX 1. Fractions 75 to 78 from the first
Mono S column were pooled, dialyzed against MES (50 mM), pH 6.5 and
recycled on a second FPLC Mono S prepacked with HR 10/10 column. The
column was developed with an increasing NaCl gradient from 0 to 1 M in
MES (50 mM), pH 6.5. Fractions 12-14 were pooled and dialyzed against
MES (50 mM), pH 6.5 These fractions, representing CTX 11, yielded a
single band of about 7000 MW when analyzed on é to 25% SDS-PAGE.

bose response curve of 3H-dGlu-6-p release induced by CTXs from N. n.

kaouthia (A) and N. n. atra (B) venoms and a PLAz with CTX-like

properties from B. fasciatus venom (C) in Ca2+ free (unfilled circles)

or 2 mM Ca?+ (lilled circles) media. Red blood cells were preloaded
with 3H-dGlu, and incubated with the toxins for 2 hr at pH 7.4 and
37°C. Values are the mean of triplicate determinations. The maximum SD

was 2.6%X at 30 pM and 1.2% at lower toxin concentrations.




Fig. 3.

Fig. 4.

Fig. 5.
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The effect of divalent cations and CTX concentration on hemolysis and
3H-dGlu-6-p release induced by N. p. kaouthia CTX. Erythrocytes were
incubated with the CTX for 2 hr at pH 7.4 and 37°C in a buffer
containing 8 2 mM concentration of Ca2+, Sr2+, Ba?+, Mn?+, or not
containing divalent cation. (A) N. n. kaouthia CTX (3 pM). (B) N. n.
kaouthia CTX (10 uyM). Values are the mean of triplicate
determinations and the bars indicate SD, Analysis of variance and
Newman-Keuls test were used.to test those conditions different from a
divalent cation-free medium (*p<0.05; **p<0.01).
Effects of Ca¢+ concentration in'a range of 0-40 mM on hemolysis and
3H-dGlu-6-p release by N. n. kaouthia CTX (3 pM). Erythrocytes were
incubated with the CIX for 2 hr at pH 7.4 and 37°C and hemolysis
(unfilled circles) or 3H-dGlu-6-p release (fil;ed circles) determined.
Values are the mean of triplicate determinations. The maximum SD was
1.2%.
The effects of pH on 3H-dGlu-6-p release by N. n. kaouthia CTX (3uM).
Erythrocytes were incubated with the CTX for 2 hr at the indicated pH
and 37°C. Values are the mean of triplicate determinations. The
maximum SD was <1.0%. A divalent cation-free incubation medium was

used.




Fig.
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6. Time course of IH-dGlu-6-p release and hemolysis by N. p. kaouthija CTX

(3 uM). Erythrocytes were incubated with the CTX for the indicated
time at pH 7.4 and 37°C and hemolysis (unfilled circles) or 3H-dGlu-6-
p release (filled circles) determined. Values are rcen of .triplicate
determinations. The maximum SD was <1.0%. A divalent cation-free

incubation medium was used.
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